[1] and a mathematical model of a serotonergic synapse [2] . Our purpose is not simply to make models that summarize what is known, but to use the models for in silico biological experimentation that sheds light on the complex, intricate behavior of these systems. We present here three kinds of results that show how experimentation with dopamine and serotonin models can give biological information. First we discuss the physiological consequences of substrate inhibition of tyrosine hydroxylase (TH) and tryptophan hydroxylase (TPH). Second, we discuss the relationship between tonic fi ring rates and the density of reuptake transporters on terminals. Finally, we use the model to briefl y discuss and interpret experimental data from 5-HT autoreceptor knockout mice.
Introduction ▼
The task of understanding the central nervous system is exceptionally diffi cult for several reasons. The chemistry of cells forms the basis for electrical activity, so that synthesis of neurotransmitters, cell regulatory mechanisms, oxidative stress, and inter-cell communication between neurons and glia all infl uence neuronal network behavior. However, the fi ring patterns of neurons and networks of neurons also infl uence the chemistry of cells and tissues. Experimentation, both clinical and biological, is diffi cult, and brain systems are plastic and infl uenced by environment and past history. It is a daunting scientifi c task to go from neurons to networks to behavior. Mathematical models of very diff erent kinds have been used to organize data, to test hypotheses about how systems might work, and to aid in the biological investigation of specifi c systems. We are interested in understanding how brain chemistry and brain electrophysiology infl uence each other in serotonin (5HT) and dopamine (DA) signaling and what the consequences are for behavior. To that end, we have constructed a mathematical model of a dopaminergic synapse Mathematical models of dopaminergic and serotonergic synapses have enabled the authors to study quantitative aspects of the synthesis, release and reuptake of dopamine and serotonin, to investigate the eff ects of autoreceptors, and to explore the infl uence of the neurochemistry on the fi ring patterns of cells known to be involved in the behavioral responses to dopaminergic and serotonergic signaling. The models consist of coupled ordinary diff erential equations. Parameters are determined from biochemical and physiological measurements.
Three results from recent in silico experiments with the dopaminergic and serotonergic synapse models are described: (1) infl uence of substrate inhibition on the stability of dopamine and serotonin synthesis; (2) a predicted connection between serotonin reuptake transporter (SERT) density on terminals and tonic fi ring rates; (3) an explanation of data from autoreceptor knock-out experiments. Mathematical models are useful for studying the biology of dopaminergic and serotonergic signaling because these systems are complex and involve interactions between neurochemistry and neurobiology. ated constants are chosen from the literature or from discussions with experimentalists. This is not an easy task since parameters vary from cell to cell, from tissue to tissue and from species to species. A schematic description of the model is shown in • ▶ Fig. 1 and the diff erential equations are given in the Appendix. A full description of our approach is not possible in this short note, but interested readers can consult the lengthy methods sections in [1] and [2] . The serotonin synapse model includes: transport of tryptophan into the terminal, synthesis of 5-hydroxytryptophan by TPH and of 5HT by aromatic amino acid decarboxylase, the transport of 5HT to vesicles by the monoamine transporter, the release of 5HT from vesicles into the synaptic cleft depending on fi ring rate, reuptake by serotonin reuptake transporters (SERTs), the eff ects of the autoreceptors, and degradation of 5HT to 5-hydroxyindoleacetic acid in the terminal and in the extracellular space. The model allows us to conduct experiments on the millesecond time scale ( e. g ., response to individual action potentials) up to the scale of hours and days ( e. g. reactions to single or repeated doses of fl uoxetine).
Results

▼
Substrate inhibition
Both tyrosine hydroxylase (TH) and tryptophan hydroxylase (TPH) show substrate inhibition. What this means it that the reaction velocity does not follow Michaelis-Menten kinetics but, instead, after a particular substrate concentration, S m , the velocity of the reaction declines as substrate concentration goes up; see • ▶ Fig. 2 . The value of S m and the rate of decline depend on the particular enzyme and substrate and the mechanism that causes substrate inhibition.
The dark red and blue bars on the x-axis in • ▶ Fig. 2 show typi cal cellular concentrations of tyrosine and tryptophan in CNS neurons under fasting conditions. However, before and after meals blood concentrations of amino acids vary dramatically. Typical serum concentrations of tyrosine are in the range 40 -180 micromolar [7, 14] , and typical brain concentrations are in the range 100 -150 [3, 9] . Furthermore, it is known ( [10, 11] ) that the brain concentrations of tyrosine and tryptophan can vary by as much as a factor of two (indicated by the pink and light blue bars in • ▶ Fig. 2 ). In the case of DA, we used our model for the DA synapse [1] to show that these large changes in tyrosine have almost no eff ect on the synthesis rate of DA or the vesicular stores of DA and this corresponds to what is seen experimentally [5, 10] . The reason for this homeostasis is that the normal concentration of tyrosine is near the point where the velocity curve has its maximum, that is, well above the K m of TH. Thus even quite large increases in tyrosine concentration do not change the synthesis rate of DA very much. The case is very diff erent for tryptophan. The normal fasting concentrations of tryptophan lie below the K m for TPH and therefore large fl uctuations in tryptophan cause large changes in the velocity of synthesis of 5HT. This is what we see in experiments with the model, and these large changes in synthesis aff ect the vesicular stores of 5HT. Experiments on rats [11] confi rm that brain serotonin is, indeed, sensitive to the levels of tryptophan in the diet. This is, of course, consistent with the fact that serotonin is known to be an appetite suppressant [8] . If elevated 5HT is a signal to stop eating, then the synthesis of 5HT should be sensitive to the levels of tryptophan in the blood. Substrate inhibition is a common phenomenon that often has functional biological signifi cance [17] .
Tonic fi ring rates and the density of SERTs in terminals
During the last ten to fi fteen years dramatic improvements in electrochemistry (reviewed in [19] ) have permitted the measurement of the time courses of extracellular DA and 5HT in different brain regions and under diff erent experimental protocols. These experiments and theoretical calculations have enabled the determination of the V max values of the dopamine reuptake transporters (DATs) and the SERTs in diff erent brain regions [4, 6] . These V max values correspond roughly to the density of DATs or SERTs on the terminal: higher density, higher V max , faster reuptake.
Interestingly, these studies [4, 6] found big diff erences in SERT densities in diff erent projection regions. What could be the function of these diff erent densities? A terminal with a higher density of SERTs clears the 5HT in the extracellular space from a single action potential faster than a terminal with lower density. We propose that the density of SERTs in a terminal region of a projection neuron is tuned to the tonic fi ring rate so that the reuptake time corresponds to the interspike interval during tonic fi ring of the neuron. We begin by explaining why this proposal makes sense physiologically. It is known that 5HT neurons in the dorsal Raphe nucleus (DRN) fi re tonically with regular spikes at rates 0.4 -2.5 spikes / second [8] and that they also fi re bursts at higher frequencies [12] that convey sensory or motor There is a small amount experimental evidence for our proposal. For example, the V max for the DATs in DA terminals in the caudate putamen was found to be 3.9 nM / sec [20] and the V max for the SERTs in the substantia nigra reticulata was found to be 0.78 nM / sec [4] . Since DA neurons fi re tonically at about 5 Hz and 5HT neurons at about 1 Hz this ratio of V max values is what one would expect from our proposal. Also the range of tonic fi ring rates in the DRN varies by about a factor of 5 or 6 [8] and the range of SERT V max values found in four projection regions in [6] also varies by about 5 -6. These pieces of evidence are consistent with our proposal but are by no means conclusive. Defi nitive proof (or rejection) of our proposal must come from correlating the tonic fi ring rates of the subpopulations of DRN cells that project to diff erent brain regions with the SERT densities in those regions.
Extracting information from time-course data
Finally, we give one example of how models can be used to extract information from time-course data on extracellular 5HT
concentrations. Panel a of • ▶ Fig. 4 shows data redrawn from experiments that compare extracellular 5HT concentrations in the striatum for wild type (WT) and autoreceptor knockout mice [13] after a dose of fl uoxetine. The extracellular 5HT for the 5-HT 1A knockout rises to 269 % of baseline, presumably because the fi ring rate has not decreased. This is because there are no 5-HT 1A receptors on the cell body in the DRN that would normally inhibit fi ring when extracellular 5HT near the cell body rises. The extracellular 5HT for the 5-HT 1B knockout (terminal receptors) and the WT curve are very similar rising to 167 % of baseline. We can immediately extract some information from the graphs in Panel a . Since presumably the fi ring has not decreased for the 5-HT 1A knockout after the dose of fl uoxetine, we can assume that the release of 5HT from the terminal remains the same. Since the extracellular concentration rises by a factor of 2.69, the fraction of SERTs on the terminal not blocked by fl uoxetine must be 1 / 2.69 = 0.37. This assumes that reuptake is a linear process but this is reasonable because at these low concentrations we are well below the K m of the SERTs. The WT and 5-HT 1B curves rise much less presumably because the 5-HT 1A receptors have decreased the fi ring rate. How much? Well, if we assume that the same amount of 5HT is released per action potential, then since these curves rise only a factor of 1.67, the fi ring rate must have decreased to 0.62 = 1.67 / 2.6 of normal. The fact that the WT and 5-HT 1B curves are similar shows that at these modest increases in extracellular 5HT the terminal autoreceptors play little role in the WT case. Panel b shows the results of simulations with our full terminal model using these numbers. Between hours 1 and 3 we decrease the percentage of available SERTs from 100 -37 % and we obtain the extracellular 5HT curve labelled 5-HT 1A . If we ramp down the fi ring rate from 100 -62 % between hours 1 -3, then we obtain the curve labelled WT. Both curves are quite similar to the corresponding experimental curves. We remark that our model treats the intra-synaptic and extra-synaptic spaces as part of one, well-mixed compartment, yet provides a reasonably good approximation to the extracellular dynamics of experimentally measured 5HT concentrations. But what about the interesting substantial decrease in the experimental 5-HT 1A curve after hour 3? This is unlikely to be clearance of fl uoxetine since fl uoxetine has a long half-life and in any case the WT curve only declines slightly. To test whether this decrease could be due to decreased synthesis (for example, caused by the terminal 5-HT 1B receptors), we decreased the synthesis rate to 50 % of normal for the model 5-HT 1A curve and to 25 % of normal for the WT curve between hours 3 and 4. Computations gave us the dashed curves in Panel b . The rate of decline of the curves depends on the balance between rates of synthesis and catabolism and the size of the vesicular stores, none of which we changed except as indicated. This shows that a decline in synthesis rate may be the underlying reason for the decreases seen in the experimental curves after hour 3.
Discussion ▼
We have given three brief examples of how our mathematical models of dopaminergic and serotonergic synapses can be used to shed light on the diffi cult systems-level issues in neurobiology. The fi rst example shows that in some circumstances the details of the cellular biochemistry really matter. In the second example, we propose a new connection between tonic fi ring rates and the density of SERTs on serotonergic terminals. The third example illustrates, very briefl y, how one can use the model to explore and investigate the meaning of experimental data. Mathematical models are not magic bullets that can easily solve biological problems. Good models, based on detailed physiological and biochemical information, are diffi cult and time-consuming to construct. However, if they represent well (a part of) physiological reality, they can be used for in silico biological experimentation to test ideas and hypotheses and to make predictions, as we did above in our discussion of tonic fi ring. Experiments with our DA synapse model enabled us to sort out the diff erent factors that contribute to extracellular dopamine homeostasis in the striatum and why it is maintained until the late stages of Parkinson ' s disease despite massive loss of the projections from the substantia nigra [18] . Mathematical models are often questioned by pointing out that there surely are pieces, possibly important pieces, of the underlying biology that are not taken into account. This is always a legitimate question. It is worthwhile to point out, however, that this is also a serious issue for the interpretation of traditional biological experiments, though often unacknowledged. For example, in interpreting the data [13] discussed above, we tacitly assumed that the 5-HT 1A mouse is just like the WT mouse except that it is missing the 5-HT 1A receptors. But this mouse has lived its whole life without these receptors and we can ' t be certain that other aspects of its physiology have not been seriously aff ected. We are in the process of constructing a mathematical model for the synthesis, release, and reuptake of 5HT in cell bodies of the DRN. When completed, we will combine that model with the model of the terminal that we have briefl y discussed here. This will enable us to study the simultaneous eff ects of selective serotonin reuptake inhibitors on the cell body, the fi ring rate, and the release of 5HT in diff erent terminal regions.
